Taking out the trash at NASA's newly proposed Deep Space Gateway (DSG) will not be a trivial task. While not the most important aspect of planning this cislunar outpost, there are several options that should be carefully considered since they may affect the crew as well as mission mass and volume. This study extends an earlier one, which focused on waste disposal options for a Mars Transit Vehicle. In that study, gasifying and venting trash along the way was found to noticeably reduce propellant needs and launch mass, whereas keeping processed trash on board in the form of radiation shielding tiles would significantly lower the crew's radiation dose during a solar particle event. Another favorable strategy was packing trash in a used logistics module for disposal.
I. Introduction
any details must be carefully considered to successfully plan human missions into deep space, including what to do with the trash. Eventually it will be beneficial if trash and other waste products can be recycled and reused on the mission, but various factors may make that difficult on early missions. NASA has on-going mission studies as well as technology development programs to support future exploration missions. This paper builds upon prior work and explores the options for dealing with trash in a cislunar Deep Space Gateway (DSG), while keeping an eye toward Mars missions and the technologies that will be needed there.
In 2014, Ref. 1 considered solid waste disposal from human missions at Earth-moon libration points and on the way to Mars, focusing on small airlock and trash-to-gas (TtG) jettison options. The authors concluded that the trashto-gas option was preferred for both mission types, citing the large number of airlock operations that would be needed and the benefits of using produced gases in resistojets to offset station keeping propellant needs.
In 2017, Ref. 2 evaluated five different trash disposal options for a Mars transit vehicle (MTV), adding use of a disposable logistics module, long term storage, and use of a heat melt compactor (HMC) device to those considered by Ref. 1 . This current study augments that work by adding additional evaluation criteria and extends it to a DSG type mission. In the earlier Mars mission study, mass and propulsion analysis illustrated that both the space transportation architecture and the trash disposal strategy (or lack thereof) had a significant effect on total launch mass. For the hybrid propulsion system, which was found to be more efficient that the split SEP/Chemical system, the lowest launch mass options were use of a separate logistics module and use of trash-to-gas technology, as shown in Table 1 . Compared to reference case C, it can be seen that even though more mass had to be launched initially in case A, the propulsion system mass was quite a bit lower since the logistics module could be dropped prior to the burn returning the crew to Earth. On the other hand, even though case D had very similar mass to launch, the propulsion system was much heavier since all trash was kept on board in this case. Radiation analysis showed that draft minimum requirements for solar particle event (SPE) shielding could be met without any additional shielding than the spacecraft and its onboard logistics. However, the analysis also demonstrated that creating a storm shelter prior to a SPE could greatly reduce the astronaut's radiation dose, especially when HMC technology was used to create radiation shielding tiles. While the mass of the equipment to deal with trash was included in the previous study, other factors such as the volume, power, cooling and crew time they require were not. The current study includes those factors as well as resources that may be recoverable from the trash. The focus of phase 1 is the assembly of the DSG and conducting missions in cislunar space. The DSG is a small crew-tended facility, able to support crews of four for up to 30 days. As shown in Fig. 2 , this instantiation of the DSG consists of a power/propulsion bus, habitation, and logistics elements. Mission durations in the figure include transit time in addition to the stay at DSG. An airlock may also be added to the DSG to enhance capabilities of the facility. Each of the DSG elements will be launched as co-manifested payload with the Orion spacecraft on the Space Launch System (SLS). NASA is working with commercial and international partners to understand the best options for buildup of DSG and the elements included to support future beyond-LEO exploration and science objectives. Other instantiations of DSG using additional logistics launches are also being used in NASA studies, so care should be taken to understand the DSG definition prior to comparing these results directly to other studies.
Based on the proposed buildup in Fig. 2 , the power/propulsion bus will be launched first. This bus is envisioned as a 40 kW solar electric propulsion (SEP) system augmented with a chemical reaction control system. The bus will provide power to the DSG elements throughout their lifetime. The habitat will augment Orion's current capabilities and allow for extended crew visits of up to 30 days while Orion is docked. For each visit, logistics (crew consumables, gases, liquids, and spares and maintenance items) will need to be delivered. A robust logistics strategy will be employed including logistics delivery either co-manifested with the Orion on SLS or with commercial or international launch vehicles. The DST is a future vehicle that can transport humans to deep space destinations, including Mars orbit. The propulsion requirements for the DSG are significantly smaller than the requirement of the DST for a Mars mission. For a Mars mission, due to the large delta-velocity requirements, every kilogram of mass saved results in multiple kilograms of propellant saved. For the DSG, however, the SEP is assumed as the primary propulsion system and used for orbital station keeping and any transit maneuvers within cislunar space. As the location of the DSG has not yet been determined, representative orbits are provided in Table 2 below. These include Near-Rectilinear Halo orbits (NRHO), lunar Distant Retrograde orbit (DRO), and Earth-Moon Lagrange Point 2 (L2) halo orbit. The transit between various cislunar orbits was limited to 200 days. The propellant required for these transfers was calculated assuming an un-crewed transfer of the DSG between orbits utilizing the SEP propulsion system. The station keeping propellant estimates are provided per year, based on the crew being present for 30 days of the year and the remainder of the year the DSG is un-crewed, and using SEP as the propulsion system. The SEP requirements in the previous study for the Hybrid in-space propulsion yielded propellant of 44,000 to 52,000 kg for a single Mars roundtrip mission (~3 years). 2 Table 2 indicates up to 900 kg of propellant required for station keeping over an assumed 15-year period. 
B. Changes from Previous Study
The primary addition to this study over the one 2 described in section I is consideration of the Deep Space Gateway (DSG) mission in addition to the Mars mission. The Deep Space Transport (DST) mission is analogous to the previous MTV since DST could perform the same function of ferrying a crew to Mars vicinity. Thus, the details of the previous MTV were not changed for this follow on analysis; however, only the Hybrid transportation option was considered here, since that option was more favorable in terms of launch mass.
Additional decision factors were also added to the analysis for both mission cases in order to make the evaluations more complete. These include consideration of the volume, power, cooling, crew time and resource recovery aspects of each of the technology options through an equivalent system mass 4 (ESM) analysis (section V). An estimate for spare parts needed to support the trash processing technologies was also added. Other assumptions remained the same as in Ref. 2 , including a life support system for the MTV that is similar to the ISS. A rough estimate of 20% of the mass of active components was added to the trash processing equipment mass to account for spare parts. Another small addition was to add an estimate for the extra propellant that would be required to dispose of the logistics module in Mars orbit when it leaves full of trash.
C. Decision Criteria
The previous study 2 evaluated quantitative factors such as mass of the various trash handling devices and the propellant needed to complete the mission depending on how and when the trash was disposed. It also discussed factors such as smell, space law, risks of jettisoning trash and how trash could be used to improve radiation protection for the crew. In the current study, effects on the mass of the spacecraft will be expanded to include secondary effects such as higher power devices requiring additional solar arrays and waste strategies that take up more room requiring more pressurized module mass. These details are covered in section V. The radiation issue is addressed for the DSG in section IV.
The following trash disposal options represent a wider range of options than current DSG architecture assumptions. The intent is to inform the DSG impacts if DST technologies were demonstrated early on DSG.
III. Trash Disposal Options for Gateway

A. Jettison of Extra Logistics Module
The crew is not expected to visit DSG on EM-2, and sending the trash home with Orion is currently only considered feasible for the shorter EM-3 stay. So, this study begins with EM-4. For consistency with the previous Mars mission analysis 2 , the same five case names are used for DSG with some adaptation. For this study, the reference case is considered to be D, in which a logistics module is proposed to stay at DSG from EM-4 to EM-6. Case A is another option for the early missions where a logistics module or smaller "trash pod" can be jettisoned after each visit to the DSG, giving the advantage of no trash storage between human missions.
B. Trash-Lock
The EVA airlock could be used to "take out the trash", but it does not arrive until EM-5. A small air-lock, which could potentially double as a science air-lock, could be included in the Hab and used to jettison the trash overboard. As discussed in Refs. 1 and 2, ejection mechanism, risk of re-contact with the spacecraft and potential external contamination are all issues that must be addressed with this option. Weekly operation of the trash-lock and other assumptions were consistent with the prior study. 2 Note that the logistics module was not eliminated from cases B, C and E just because they used different trash disposal strategies.
C. Gasifying Waste Products (Trash-to-Gas)
Trash-to-gas technologies 5 such as incineration, pyrolysis or steam reformation could be used to gasify waste products for easier disposal or even reuse. Potential external contamination risk should also be considered for this case, as well as the safety requirements of these high temperature processes. As in the prior study 2 steam reformation was assumed. In this case, water recovery from the trash was also assumed. Non-propulsive venting of gases was assumed rather than using them in resistojets for station keeping, as this was considered a simpler option. While TtG may be too ambitious for the initial DSG in either form, it would serve as a demonstration of Marsforward technology if it could be added.
D. Storage/Logistics Module
In the reference DSG plan pictured in Fig. 2 , a logistics module does not come until EM-4 and is not available to jettison with trash until after EM-6. Thus, this case represents the long term storage of trash between these early missions. Starting with EM-6, a new logistics module could possibly come and go with each human visit. For the EM-3 mission of a couple of weeks, trash can be returned in the Orion capsule. However, with subsequent stays lasting up to 30 days, there is not enough capacity in Orion to return with the trash back to Earth. Thus, storage of EM-4 trash for 2 years and EM-5 trash for 1 year (between missions) will be required in this scenario. The trash is expected to be stored in the logistics module near the clean food and other supplies. On board ISS, trash is stored for up to about 4 months in areas less used by the crew, including the visiting resupply vehicles. In order to store trash in the DSG for years, better containment and odor absorption will be needed. Thus, estimates were made in this study to account for that containment.
E. Heat Melt Compactor
A heat melt compactor (HMC) device could be used to remove water and stabilize trash into tiles which could be used as radiation shielding, or at least more compactly stored until disposal. Daily operation of the HMC and other assumptions were consistent with the prior study. 2 Here a credit was taken for the recovered water, assuming that the amount of launched stored water could be reduced by that amount. Using HMC or a simpler trash compactor together with cases B or D are additional possibilities that were not analyzed here, but should be considered.
IV. Radiation Analysis for Gateway
Protecting astronauts from the harmful effects of space radiation is one of the hardest challenges associated with exploration missions beyond LEO. For free-space missions, there are two environments of concern, the Galactic Cosmic Ray (GCR) environment and Solar Particle Events (SPEs). The GCR environment is made up of particles spanning the periodic table, which have been stripped of their electrons. These charged ions move through our solar system with energies ranging from a few electron volts (eV) to tens of GeV. The high energy component makes this environment difficult to shield against. The GCR environment is ever-present but modulated by the sun, varying in intensity by approximately a factor of two over the eleven-year solar cycle. The GCR environment provides minimal risk to astronauts on short duration missions, but the cumulative exposure received over long duration missions or multiple missions may lead to an increased risk of stochastic effects such as cancer. Conversely, SPEs are sporadic events lasting a few hours to a few days. Large SPEs are rare, but unlike the lower intensity GCR environment, large SPEs could give astronauts without adequate shielding a detrimental dose in a short time. SPEs are usually made up of a broad energy spectrum of protons, and sometimes include a smaller heavy ion component. The spectral shape of historic SPEs has varied considerably, but the high energy component tends to be smaller than that of the GCR environment, making this environment more amenable to mitigation through shielding materials.
A. NASA Standards and Requirements
NASA's Permissible Exposure Limits (PELs) for human space radiation exposure can be found in NASA Standard 3001 Volume 1, NASA Space Flight Human Systems Standard Volume 1: Crew Health 6 . This standard defines an exposure of 3 percent Risk of Exposure-Induced Death ensured at a 95 percent confidence level for cancer mortality. It also defines 30-day, annual, and career exposure limits for acute or non-cancer tissue effects, as shown in Table 3 . The PELs for non-cancer effects are defined in terms of gray (Gy), energy deposited per unit mass, or gray equivalent (Gy-Eq), which is calculated using Relative Biological Effectiveness (RBE) numbers to account for the varying ability of different types of particles to initiate damage. 7, 8 The RBEs are also defined in the standard. In addition to these exposure limits, NASA Standard 3001 Volume 1 also mandates that in-flight exposure shall be maintained using the "as low as reasonably achievable" (ALARA) principle. An important function of ALARA is to ensure that astronauts do not approach radiation limits and that such limits are not considered tolerance values. ALARA is an iterative process of integrating radiation protection into the design process, ensuring optimization of the design to afford the most protection possible, within other constraints of the vehicle systems. The protection from radiation exposure is ALARA when the expenditure of further resources would be unwarranted by the reduction in exposure that would be achieved.
NASA Standard 3001 Volume 2 also contains a number of requirements related to monitoring the radiation environment, and of more importance to vehicle design, Volume 2 directs that the program shall set design requirements to prevent potential crewmembers from exceeding the PELs set forth in Volume 1 and that the program shall specify the radiation environments to be used in verifying the radiation design requirements. Following this directive, NASA established a design requirement for the Orion spacecraft which would ensure that astronaut effective dose would not exceed 150 mSv 10 for a design SPE environment equivalent to the August 1972 event as modeled by King 11 . NASA is in the process of establishing SPE protection requirements for Gateway habitats. A proposed requirement has been developed and vetted with space radiation experts, first at a technical interchange meeting organized for that purpose at NASA Langley Research Center in January 2017 and later with international partners at a technical interchange meeting in Moscow, Russia in June 2017. This new set of requirements mandates an exposure limit of 250 mGy-Eq to astronaut blood forming organs (BFO), tying it more closely to the 30-day PELs; and a new harder spectrum design environment equivalent to the sum of the events that occurred during October 1989, as shown in Fig. 3 , is recommended, based on recent studies showing that historic SPEs with larger numbers of high energy particles pose a greater risk to astronauts behind thick shielding. The complete set of proposed SPE protection requirements for Gateway habitats is given in the Appendix. 
B. SPE Protection Analysis
Since large SPEs are rare and of relatively short duration, it is not necessary to shield the entire habitat for solar particle events. A heavily shielded storm shelter, in which the astronauts can stay during large SPEs, can be incorporated into the habitat design. This storm shelter could be a fixed structure or something that is deployed at the onset of the event. NASA has previously examined a number of storm shelter concepts. [13] [14] [15] [16] [17] [18] Two of these concepts are shown in Figs. 4 and 5. Fig. 4 shows a crew quarters based concept with pantry shelves, which can be filled with food, HMC trash tiles, and/or water storage containers to augment the shielding surrounding the astronauts. The prototype for this concept also included water-walls, which could be filled with water from the environmental control and life support system. Fig. 5 shows a reconfigurable storm shelter which could be deployed in the central corridor of the habitat at the onset of the solar storm. This concept utilized cargo bags which could be unfolded to create pallets to which onboard supplies (food, trash tiles (aka bricks), and water bags) could be attached to create the shelter. The protection provided by both the crew quarters based concept and the reconfigurable shelter in an ISS derived cis-lunar habitat outfitted for a crew of four on for a 180-day mission was previously analyzed. 17 This analysis focused on astronaut effective dose, not the gray equivalent to BFO prescribed in the new proposed SPE protection requirement. This analysis showed that it was possible to create both types of shelter with the quantities of food, water, trash, and other supplies that would be onboard if the astronauts "doubled up" so that only two of the crew quarters needed augmentation, or if the reconfigurable shelter was no wider than a standard rack, approximately 1 meter. Both of the shelter concepts ensured that astronaut effective dose did not exceed 120 mSv for a SPE environment similar to, but not exactly the same as, the proposed design environment, making it likely that the new proposed requirement would be met.
The utility of the reconfigurable shelter has also previously been analyzed for an adaptation of the habitat described above, which was outfitted to model an MTV with the large quantities of food and supplies needed for a mission to Mars. 2 That analysis showed that that heavily shielded vehicle might provide enough protection to avoid exceeding the proposed 250 mGy-Eq to BFO limit without a storm shelter. However, in keeping with the ALARA principle, a storm shelter was examined and the results showed that astronaut BFO exposure could be significantly reduced using a shelter created from the onboard food and supplies. At the beginning of the mission, gray equivalent to BFO could be reduced form 154 mGy-Eq to 11 mGy-Eq if the reconfigurable shelter was utilized. At the end of the mission, when consumable supplies had dwindled, astronaut exposure could be reduced from 234 mGy-Eq to BFO to 125 mGy-Eq using the shelter, and that exposure could be further reduced to 37 mGy-Eq, if trash was kept onboard and converted to HMC tiles which were incorporated into the shelter.
Figure 5. Reconfigurable storm shelter cartoon pictures (upper left and right) and prototypes (lower left and right).
A new analysis of the protection provided by the reconfigurable shelter in an ISS-derived habitat designed for a crew of four on a 30-day mission has recently been completed. This analysis was performed to see if an adequate shelter could be created in a habitat meeting the requirements of the DSG with only the supplies needed for a 30-day mission. A shelter inside the DSG was examined for several reasons, even though the Orion module, with its own reconfigurable shelter, should be present. First, it seemed likely that a shelter could be created that was both easier to set-up and less cramped than the Orion shelter. Second, the ALARA principle requires that multiple options be examined. It may be possible to provide better protection in the habitat than in Orion. Finally, having an onboard shelter may be useful if vehicles other than Orion are used to transport astronauts to the DSG in future missions.
The 30-day habitat used for this analysis was comprised of a habitat module based on the ISS Multi-Purpose Logistics Module (MPLM), an air-lock, a propulsion unit, and the Orion capsule with its service module, as shown in Fig. 6 . The habitat was outfitted with the vehicle systems and supplies needed for a 30-day mission using a master equipment list developed for the DSG. The interior layout is a hypothetical layout of systems and not meant to represent a baseline configuration of the DSG. Fig. 6 shows the location of the storm shelter in the central corridor surrounded by the third row of racks. The protection provided by the shelter was examined for two astronaut positions. In Option 1, the radiation exposure was evaluated for a 50 th percentile female astronaut with her back to the port rack and three 50 th percentile male astronauts standing in front of her. In Option 2, the female astronaut for which the analysis was performed was moved to the second position, as shown in Fig. 6 , with one of her fellow astronauts behind her and two others in front of her. Only the results for Option 2 are presented, because this position provided a higher dose.
For this analysis, the transport of the external environment through the habitat shielding materials and human tissue was calculated using the version of the HZETRN [19] [20] [21] [22] [23] [24] space radiation transport code which has been incorporated into the On-Line Tools for the Assessment of Radiation In Space (OLTARIS). 25 The self-shielding provided by the human body was modeled using the Female Adult voXel (FAX) 26 phantom, and gray equivalent was calculated at a large number of points in the bone marrow in the body and averaged. 27, 28 7 shows the results of this analysis for a storm shelter of varying wall thickness, for which all sides of the storm shelter have the same thickness. The thickness of the storm shelter walls is given in units of g/cm 2 (thickness in cm scaled by material density in g/cm 3 ). For these calculations, mass was subtracted from the food and water racks that were not adjacent to the shelter as it was added to the storm shelter walls, to simulate the use of onboard mass to build the shelter. There was enough food and water available to create a shelter 5 g/cm 2 thick without adding parasitic mass. The results shown in Fig. 7 for thicknesses greater than 5 g/cm 2 were attained by adding singlepurpose, parasitic mass to the habitat. The plot shows that for this habitat, a 5 g/cm 2 shelter would ensure that the astronaut gray equivalent to BFO would not exceed 180 mGy-Eq for the design environment. Food and water supplies may diminish during the 30-day mission, but only 40% of the initial food and water mass is needed to create a 2 g/cm 2 shelter, which should meet the proposed requirement. It is also possible that trash could be kept onboard, providing additional mass which could be incorporated into the shelter.
C. Strategies for GCR Protection
The GCR environment differs from SPE environments in that it is ever present, so the storm shelter approach is not appropriate for GCR protection. The ALARA principle requires that astronaut radiation exposure be kept as low as can reasonably be attained, so an attempt must be made to provide as much protection as is reasonably possible to all areas of the habitat where astronauts will spend significant amounts of time. 20-40 g/cm 2 of shielding material can reduce astronaut effective dose resulting from the GCR environment by approximately 30-50% depending on the type of shielding material, but adding additional shielding material beyond 40 g/cm 2 will have little impact on astronaut exposure and may, in the case of metallic materials, result in astronauts receiving a larger effective dose. 29 It is therefore important to optimize habitat design to provide 20-40 g/cm 2 of shielding uniformly around the astronauts using the vehicle systems and supplies that were already planned for the mission, to minimize the need for parasitic shielding material. HMC tiles 30, 31 could play an important role in this design paradigm if they are used to fill in areas where the total amount of shielding is less than 20 g/cm 2 . GCR exposure incurred during a short duration stay on a Gateway habitat would provide minimal risk to astronauts, but the risk of cancer induction correlates with cumulative radiation exposure. If the Gateway stay is only one part of a larger mission, perhaps a launching point from which to begin a longer deep space mission, or if the astronaut has or will participate in additional missions, it would be important to reduce that astronaut's radiation exposure as much as possible during each leg of each mission. It is, therefore, important to incorporate an ALARA approach into the design of the entire habitat from the beginning.
V. Equivalent System Mass Analysis
Equivalent system mass (ESM) 4 is an analytical technique that converts mass, volume, power, cooling, and crew time resources all into equivalent mass that must be launched. The formula for ESM [kg] is given in Eq. (1). The system to be studied with ESM can be an entire spacecraft or one particular subsystem. In this study, difference or "delta" ESM was calculated from a selected reference case for five different trash disposal systems. Thus, Eq. (1), in difference format (DESM), was used to sum up all the differences in mass and resource needs for the five options relative to the reference case. The ESM mass equivalency factors, also known as "infrastructure cost factors", that were used in this trade study are listed in Table 4 . Volume and power factors were derived specifically from the current DSG and recent Evolvable Mars Campaign MTV designs, whereas the cooling and crew time factors were taken from Ref. 32 , since this information was not available for DSG or MTV. The components of mass difference (DM) are given in Eq.
ESM = M + (V*Veq
(2). The first three are combined into "D mass of equipped module(s)" in the results tables in section VI. Resource differences for volume, power, cooling and crew time were also computed for each case and shown in the results tables. For volume, both the volume occupied by the trash processing equipment and the trash itself were considered. The later was accounted for by computing the difference in net habitable volume (NHV) for the different cases at the midpoint of the mission. NHV is the room left for astronauts to move about the spacecraft after it is fully loaded, and thus is important for work efficiency and crew morale. The midpoint for the DSG reference case (D) was considered to be the beginning of EM-5, starting with 30 days of trash remaining on board from EM-4 and needing to accommodate another 30 days of trash from EM-5. In that reference case, all 60 days of trash would be stored on DSG for another year before it can be removed by the departing logistics module. For the MTV mission, the midpoint was considered to be half way to Mars. As time goes by and supplies are consumed, there will be more room on board (more in some cases than others). Thus, the trip to Mars will be a worse case than the return trip from a NHV perspective. As mentioned above, DESM was computed for each case studied, relative to a reference case. For DSG the reference case was considered to be D (Storage/logistics module) because that is the longest duration trash storage option being evaluated by the DSG study team. For MTV the reference case was considered to be C (Trash-to-gas) because that was the assumption used in the Evolvable Mars Campaign analysis.
VI. Results
A. Deep Space Gateway
A description of the DSG mission was provided in section IIA and details of the trash disposal options were covered in section III. Results of the ESM analysis described in section V are shown in Table 5 for the early missions of DSG. The period covered by this analysis was EM-4 through EM-6 with assumed trash generation of 30 days each on EM-4 and EM-5 and storage of up to 2 years total in the reference case (D). The fact that all DESM totals besides case D are positive indicates that they are all expected to require greater launch mass than the reference case. Case E (HMC) is the closest to D, with minor mass increases for the HMC device and its power and cooling requirements. HMC received credits for water recovery from trash and volume recovered by compaction, but not for producing radiation shielding tiles. While these tiles could help reduce crew radiation exposure, a credit was not given based on the radiation analysis results described in section IV.
Case C (TtG) and case B (Trash-lock) are both realistic disposal scenarios but show modest increases in launch mass relative to reference case D. If TtG power could be reduced and if trash-lock mass penalty could be reduced by doing double duty with a small airlock used for other purposes, then these technologies would trade more favorably. Case A did not trade well here because an extra full-sized logistics module was assumed to dispose of trash; however, if multiple smaller resupply logistics modules can be used, or if there are other factors driving inclusion of additional logistics modules, then case A may trade better. Another reason to include one or more of the alternative trash disposal strategies or technologies on DSG may be to prove them out for future Mars missions.
Differences in the propulsion system mass were considered negligible for all cases based on the data in Table 2 , which indicated that total annual station keeping propellant is small. Thus, savings due to lightening the spacecraft by trash disposal would be even less. Though not calculated here, a TtG system addition to DSG that could produce cold gases for a resistojet or even propellants, could reduce the need for SEP propellants and potentially change these trade study results over time. None of the ESM differences due to crew time were very significant based on the crew time equivalency used. This factor could become more important to mission planners depending on mission objectives and level of automation in the DSG.
In Table 5 "D mass of equipped module(s)" includes the differences in mass for logistics modules, trash processing equipment, spare parts and logistics. Most notable is the extra logistics module assumed in case A, which could probably be reduced in mass somewhat, depending on the size of the logistics module or trash pod to be sent to DSG. It is assumed that long term trash storage technologies (barrier materials, odor absorption, and minimal processing) can be developed to support option D, which had an estimated mass penalty of 13 kg more than regular trash bags in this study. Another difference in logistics mass was the gas loss from the trash-lock in case B, which amounted to 3 kg. "Resource credits" come from water recovery from trash in cases C and E. While these early DSG missions alone cannot justify this added complexity, the benefit over the life of DSG may. Also shown in Table 5 are the volume differences due to the different types of trash processing equipment and due to NHV, as described in section V. Similarly, the power, cooling and crew time contributions to ESM differences are shown for each case. Peak power is used since the maximum device power could drive the size of the spacecraft solar arrays; however, since trash processing can be scheduled, some reduction may be possible. 
B. Mars Transit
A description of the MTV mission was provided in Ref. 2 along with details of the trash disposal options for that mission. Updated results are presented here for the Hybrid transportation architecture. Table 6 shows the major components of ESM and the total difference in ESM for each case relative to reference case C (Trash-to-gas). As in the previous study, case A shows the lowest launch mass, followed by cases C, B, E and D. However, with all the ESM factors considered, some of the differences were not as great as before. For example, case A was only 232 kg less than C, which is only 0.2% of the MTV total launch mass. Most of the case A advantage is due to propellant savings that come from being able to drop the logistics module mass plus its waste contents prior to the Earth return burns. In the opposite direction, most of the large case D disadvantage comes from the extra propellant required to push around the stored trash. Cases B, C and E are all somewhat competitive, with different attributes. Case B suffers from the structural mass of the trash-lock and case E from the fact that HMC tile mass is kept on board for radiation protection. A quantitative benefit for improved radiation protection was not assigned to case E, even though it was significant, since the analysis in Ref. 2 showed that minimum SPE shielding requirements could be met without the tiles. Case C, a close second based on total ESM, could benefit most from reduced power or other tangible benefits such as propellant production. The potential benefit of producing cold gases for resistojets, or even propellants, was not included in this study.
In Table 6 "D mass of equipped module(s)" includes the differences in mass for both habitation and logistics modules, trash processing equipment, spare parts and logistics. Differences in logistics include extra propellant for logistics module disposal in case A, gas loss from the trash-lock in case B and extra odor containment in case D. "Resource credits" come from water recovery from trash in cases C and E. Table 6 also shows volume, power, cooling and crew time contributions to ESM differences for each case. 
VII. Conclusions & Recommendations
With the information available today, a detailed ESM analysis for DSG has shown that the Storage/logistics module trash strategy leads to the lowest launch mass. A similar ESM analysis for MTV has shown that the Logistics module strategy leads to the lowest launch mass when compared one at a time to four other options. Given the fact that several options were competitive and that combinations of the strategies have not yet been considered, it is recommended that all but the MTV Storage case continue to be developed and analyzed. The DSG Extra logistics module case should be optimized and analyzed to understand the secondary benefits of being able to offload trash between each crewed visit compared to the launch costs. Development of trash containers that can sufficiently contain wastes and suppress smell for two years should be proven for the DSG. Besides analyzing the combination of Logistic module and TtG for MTV, TtG should be further assessed for its risks and rewards, which could include resistojet propellant production. The value that HMC radiation tiles provide toward NASA's ALARA radiation protection principles should be further refined and quantified for both the DSG and MTV as more detailed vehicle models are developed.
Interestingly, the ESM drivers for the two missions studied were completely different. For the MTV, propulsion system consideration and how much mass could be jettisoned during the mission dominated the results. For the DSG, which has much more modest propulsion requirements, the mass and power of the trash processing equipment became the most important ESM factors.
Another future refinement to this study could include assessing the disposal of feces and urine brine in addition to trash. Most of these trash strategies should be able to accommodate those wastes as well, resulting in additional mission benefits. However, the operational ability to transfer the collected fecal waste, and details of urine brine processing must be assessed before these can be considered fully feasible. Finally, additional stakeholders such as crew, medical, operations and human factors representatives should be consulted to speak for the pros and cons of the leading trash disposal strategies that are difficult to quantify in an ESM analysis.
period is expected to drive shielding design; a shield design which ensures that this exposure limit has not been exceeded will also ensure that the other PELs for non-cancer tissue effects have not been exceeded. Gray equivalent is calculated by weighting the particle flux impinging on the body with Relative Biological Effectiveness (RBE) values which take into account the varying ability of different types of particles to cause non-cancer effects. In accordance with NASA Standard 3001, Volume 1, the RBEs recommended by the National Council on Radiation Protection and Measurements in 2000 (NCRP 132) shall be used for this calculation. Table 7 shall be used as the design reference SPE environment. Rationale: This spectrum is equivalent to the sum of the proton spectra for the events which occurred during October 1989, as modeled by Alan Tylka. 12 The combined proton fluence for the events that occurred on October 19, 22, and 24, 1989 represent the most intense SPE environment occurring during a 30 day period during the era of satellite measurements. Astronaut exposure behind thick shields will be dominated by the more penetrating high energy particles and these events included a large number of high energy protons. The Tylka models for the individual events are based on satellite measurements and Earth surface neutron measurements, to ensure that the high energy component of the events are accurately represented. The combined environment is approximately equivalent to a 90 percentile event for a one-year mission, for energies relevant to human exposure inside spacecraft, using the Xapsos model for Emission of Solar Protons (ESP).
The proton energy spectrum given in
3. If the protection system requires assembly and installation, it must take no more than 30 minutes.
Rationale: Protection systems may take the form of a designated location, or storm shelter, within the habitat providing superior shielding in which the astronauts will stay during the period of elevated radiation. This storm shelter may be a permanent structure or it could require assembly, during which mass is moved from other locations within the habitat to create the shelter. Protections systems could also take the form of wearable garments or blankets. If time is needed to assemble a shelter and/or don a protection garment, it must take no more than 30 minutes. The rise time and total duration has varied for historic events. It is possible that SPE radiation exposure incurred before astronauts enter the shelter will result in their exceeding 250 mGy-eq to BFO, but if assembly time is no more than 30 minutes, the probability of this occurring is expected to be low. It should be noted that if onboard supplies, consumables, and/or equipment are used in the construction of the storm shelter, a method of tracking the necessary items throughout the mission duration that ensures that an adequate quantity exists and assembly can be completed in no more than 30 minutes would be needed. Similarly, the length of time astronauts will need to spend in the shelter could be as short as a few hours or as long as a few days. Access to food, supplies, and vehicle systems should not be limited by storm shelter design. This could take the form of inclusion of at least a few day's food and the ability to communicate with vehicle systems in the shelter or an ability to egress and ingress quickly, to allow astronauts to leave the shelter when necessary.
4. Spacecraft protection systems shall be designed to ensure that astronaut radiation exposure is kept As Low As Reasonably Achievable (ALARA).
Rationale: Included in the Permissible Exposure Limits in NASA Standard 3001, Volume 1 is the requirement that in-flight radiation exposure be maintained using the ALARA principle. For space habitat design, ALARA is an iterative process of integrating radiation protection into the design process, ensuring optimization of the design to afford the most protection possible, within other constraints of the vehicle systems. The protection from radiation exposure is ALARA when the expenditure of further resources would be unwarranted by the reduction in exposure that would be achieved. Following ALARA minimizes the risk of cancer induction and other stochastic effects, for which there is no threshold dose.
